It was first suggested by Gold in 1948 [1] that the exquisite sensitivity and frequency selectivity of the mammalian cochlea is due to an active process referred to as the cochlear amplifier. It is thought that this process works by pumping energy to augment the otherwise damped sound-induced vibrations of the basilar membrane [2-4], a mechanism known as negative damping. The existence of the cochlear amplifier has been inferred from comparing responses of sensitive and compromised cochleae [5] and observations of acoustic emissions [6, 7] and through mathematical modeling [8, 9] . However, power amplification has yet to be demonstrated directly. Here, we prove that energy is indeed produced in the cochlea on a cycle-by-cycle basis. By using laser interferometry [10], we show that the nonlinear component of basilar-membrane responses to sound stimulation leads the forces acting on the membrane. This is possible only in active systems with negative damping [11] . Our finding provides the first direct evidence for power amplification in the mammalian cochlea. The finding also makes redundant current hypotheses of cochlear frequency sharpening and sensitization that are not based on negative damping.
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Summary
It was first suggested by Gold in 1948 [1] that the exquisite sensitivity and frequency selectivity of the mammalian cochlea is due to an active process referred to as the cochlear amplifier. It is thought that this process works by pumping energy to augment the otherwise damped sound-induced vibrations of the basilar membrane [2] [3] [4] , a mechanism known as negative damping. The existence of the cochlear amplifier has been inferred from comparing responses of sensitive and compromised cochleae [5] and observations of acoustic emissions [6, 7] and through mathematical modeling [8, 9] . However, power amplification has yet to be demonstrated directly. Here, we prove that energy is indeed produced in the cochlea on a cycle-by-cycle basis. By using laser interferometry [10] , we show that the nonlinear component of basilar-membrane responses to sound stimulation leads the forces acting on the membrane. This is possible only in active systems with negative damping [11] . Our finding provides the first direct evidence for power amplification in the mammalian cochlea. The finding also makes redundant current hypotheses of cochlear frequency sharpening and sensitization that are not based on negative damping.
Results and Discussion
The mammalian cochlea is exquisitely sensitive to sound and possesses exceptionally sharp frequency selectivity. This fine tuning is due predominantly to the tuning of the basilar membrane (BM; Figure 1A ). In 1948, Gold [1] pointed out that the remarkable sensitivity and frequency selectivity of the cochlea required a poweramplification mechanism to counter the otherwise damped passive, responses of this sensory organ to sound. Gold suggested that the activity of the amplifier could formally be described by introducing a negative damping constant b, which would compensate for the positive damping of BM vibrations by the intracochlear fluids. For almost 60 yr, the existence of a nonlinear active process, commonly called the cochlear amplifier [12] , which pumps energy into the vibrations of the cochlear structures, has been inferred through measurement of neural, electrical, mechanical, and acoustical responses from the cochlea [2] [3] [4] [5] . Evidence for the existence of the cochlear amplifier has involved cochlear manipulations, including death, that were designed to target the amplifier [5] , although none of the manipulations so far reported have targeted the amplifier exclusively. For example, the comparison of responses from live, sensitive cochleae with their passive, dead counterparts is not strictly legitimate. Postmortem changes in electrochemistry can alter the structure and physical properties of the cellular and major extracellular matrices of the cochlea [13] . Other evidence, including the recording of spontaneous acoustic emissions [6, 7] and evaluation of the power fluxes within the cochlea [8, 9] , requires assumptions that are not universally held. For example, measurement of spontaneous emissions may demonstrate that the cochlea is capable of emitting acoustic energy at certain frequencies, but it does not provide direct evidence for energy generation by the cochlear amplifier. We have taken a new approach to demonstrate the existence of the cochlear amplifier that requires neither uncertain assumptions nor cochlear manipulations to exclude or reduce the impact of the amplifier. Our approach depends on the law of conservation of energy and hence is generally applicable.
Relationship between Force and Displacement in Systems with Negative Damping
Violation of the behavior of a passive system, i.e., the observation that the cochlea dissipates more energy than it receives from the incoming sound, would provide direct evidence of the power gain in the sensitive cochlea. However, such explicit measurements of energy dissipation in the cochlea are currently not practicable, and other indicators of the power gain have to be considered. For example, one can utilize the specific phase relationships that occur between force and displacement in systems with negative damping [11] , i.e., in systems with active force production. Indeed, displacement x lags the driving force F in systems with a positive damping constant b ( Figures 1B and 1C, blue) , that is when the drag force bdx=dt is proportional to the velocity and directed against it. The relationship between force F and displacement x in this system forms a clockwise hysteresis loop ( Figure 1D , blue). Any additional force, which compensates for the loss of energy due to damping, should be in phase with the velocity. Formally, the additional force can be described by introduction of a negative damping constant b [1] (Figure 1B ). In systems with negative damping, the displacement leads the driving force ( Figure 1C, red) , producing a counterclockwise hysteresis ( Figure 1D , red). The area within the clockwise hysteresis loop represents energy dissipated by the system, and the area within the counterclockwise loop defines energy received by the system within one period of the oscillations. Hence, if a mechanical system is stable, i.e., the amplitude of its oscillations does not grow indefinitely with time, the system's net damping must be positive [11, 14] . However, even if the net damping in the cochlea is positive, the nonlinear component of the force acting on the BM could produce counterclockwise hysteresis. This hysteresis should be detectable because the responses of passive cochleae are linear. The nonlinear force is due mostly, if not entirely, to the activity of the cochlear amplifier, which is proposed to provide negative damping in the sensitive cochlea. Therefore, to demonstrate the existence of negative damping and, hence, energy production in the cochlea, one can extract the nonlinear component of the force acting on the BM and plot it versus the BM displacement to observe whether they form a counterclockwise hysteresis loop.
Nonlinear Modulation of Basilar-Membrane Responses Is Detected Only in Sensitive Cochleae
In this paper, we used a low frequency, high-level biasing tone to extract the nonlinear, active part of BM responses to acoustical stimulation at frequencies close to the characteristic frequency (CF) of the recorded place in the guinea pig cochlea. Low-level, high-frequency stimuli were presented simultaneously with four periods of a low-frequency tone. The low-frequency tone was set at a level that was sufficient to cause bias of the BM and, hence, to modulate the amplitude of the high-frequency response. The BM responses were measured with a laboratory-made laser diode interferometer ( Figure 1A ) [10] .
The BM responses to near CF tones presented alone were sensitive and highly nonlinear in live preparations (Figure 2A, red) . Passive responses recorded in the same preparations postmortem were linear and approximately 60 dB less sensitive at low stimulus levels (Figure 2A, blue) . Only responses recorded in the live, nonlinear cochleae were modulated by the low-frequency biasing tone when it was presented simultaneously with the high-frequency, near-CF stimulus ( Figure 2B , red). The biasing tone did not produce any modulation of the high-frequency vibrations recorded postmortem ( Figure 2B , blue) when the BM responses were linear (Figure 2A , blue). This latter observation reveals linearity of the passive BM vibrations and the linearity of the interferometer responses within the range of displacements measured in the reported experiments. In live preparations, the modulation depth for the same level of the biasing tone was greatest for stimulus frequencies at and slightly above the CF when the BM responses were strongly nonlinear [5] . Modulation depth declined quickly with linearization of BM vibrations for frequencies below the CF. This modulation, therefore, is closely linked to the cochlear nonlinearity traditionally associated with the cochlear amplifier.
Relationship between Nonlinear Force and Basilar-Membrane Displacement
The stimuli were shaped with raised cosines for the duration of one biasing period at the beginning and at the end of stimulation ( Figure 3A) . Hence, only responses during a period of the biasing tone in the middle of the tone burst (i.e., between the two vertical dotted lines in Figure 3A) were used for data analysis. The envelope of the high-frequency response for this middle period was then calculated as the amplitude of the analytic signal and plotted versus the biasing of the BM determined by the low-frequency tone ( Figure 3B ). Low levels of the high-frequency tone caused only small BM displacements (compare left and right vertical axes in Figure 3A ). The measured modulation patterns were, therefore, approximately proportional to the derivative of the nonlinear force acting on the BM with respect to displacement (see Experimental Procedures). The modulation envelope of the high-frequency oscillations during the compression and rarefaction halfperiods of the biasing tone was then fitted with Boltzmann-function derivatives ( Figure 3B ). This use of the Boltzmann function follows previous works, in which the dependence of the mechanoelectrical transducer conductance on hair-bundle displacement, the strongest nonlinearity in the peripheral auditory system [15] , is well described by the Boltzmann function [16] NðxÞ = 1= 1 + expða 2 ½x 2 2 x Þ½1 + expða 1 ½x 1 2 x Þ g f , where x is the independent variable (the BM displacement in our case) and a 1 , a 2 , x 1 , and x 2 are constants. It is worth noting that the identification of the exact nature of the nonlinearity reflected in the responses of the BM is outside the scope of our work. In fact, any nonlinear function with a bell-like-shaped first derivative (e.g., a sigmoidal function) with a good enough fit to our data could be used.
The dependence of the normalized nonlinear force on BM displacement during compression and rarefaction phases was then plotted with parameters of the functions found during the fitting procedure ( Figure 3C ). This dependence shows a clear counterclockwise hysteresis that was confirmed in three further preparations. For a first approximation of the hysteresis width, we used the value DH ( Figure 3B) , which is the distance between the maxima of the modulation envelope during the rising and falling stages of the biasing displacement. DH is also the distance between the inflection points of the hysteresis branches ( Figure 3C ) and is equal to 11.3 6 9.9 nm (mean 6 SD, n = 4) for the four most sensitive preparations in this work. Geisler and Nuttall [17] also observed a similar magnitude of separation DH in spite of using modulating tones of far higher frequency in their study of the low-side suppression of BM responses. It is important to note that the horizontal axes in Figures 3B and 3C represent one physical quantity, displacement, but have different physical meanings. Whereas the axis in Figure 3B represents BM (B) Envelope of the CF response (i.e., amplitude of the analytic signal; red) during one period of the biasing tone plotted versus the membrane's biasing. Black curves show fit of the experimental data with the Boltzmann-function derivatives. Constants a 1 and a 2 were constrained to positive values during the fit because the cochlear nonlinearity was assumed to be monotonically growing. (C) Dependence of the normalized nonlinear force on the membrane's displacement at the CF during displacements toward scala tympani (lower curve) and scala media (upper curve). These dependencies are plotted as Boltzmann functions with constants a 1 , a 2 , x 1 , and x 2 determined from the fitted curves in (B). Two vertical dashed lines define the excursion of the operating point due to the low-frequency biasing. displacement due to the low-frequency biasing tone, the axis in Figure 3C represents BM displacement at the CF. Therefore, the counterclockwise hysteresis in Figure 3C proves that energy is pumped into the BM vibrations at the CF. It is worth noting that the counterclockwise hysteresis has been shown for the magnitude of distortion product otoacoustic emissions [18] (nonlinear acoustical responses of the cochlea) recorded in the ear canal for different phases of a low-frequency biasing tone. Bian et al. [18] suggested that the emission magnitude was proportional to the force production in the cochlea at the emission frequencies. The counterclockwise hysteresis observed for the emission magnitude may, therefore, also signal energy production in the mammalian cochlea.
Conclusions
The hypothesis of local amplification of the mechanical responses of the mammalian cochlea at the cellular level is almost 60 yr old. The concept has been exceptionally useful in explaining the responses observed at different levels of the auditory system as well as accounting for different hearing disorders. The work presented here provides the first direct evidence that energy production and power amplification in the sensitive cochlea does indeed occur. The finding also makes redundant current hypotheses of cochlear frequency sharpening and sensitization that are not based on negative damping.
Experimental Procedures

Animal Preparation
Pigmented guinea pigs (250-350 g) were anaesthetized with the neurolept anesthetic technique (0.06 mg/kg body weight atropine sulfate s.c., 30 mg/kg pentobarbital sodium i.p., 500 ml/kg Hypnorm i.m.). Additional injections of Hypnorm (250 ml/kg) were given every 40 min to maintain a nonreflexive state. Additional doses of pentobarbital (10 mg/kg) were given every 3 hr or after elevation of the heart rate. The heart rate was monitored with a pair of skin electrodes placed one either side of the thorax. Animals were overdosed with pentobarbital at the end of experiments without recovery from the anesthesia. The animals were tracheotomized and artificially respired, and their core temperature was maintained at 38 C with a heating blanket and head holder. The right pinna was dissected, and the cochlea was exposed through a lateral opening in the temporal bone to obtain a clear view of the round window. The compound action potential of the cochlear nerve was recorded with a silver electrode placed near the round window. Silver-silver chloride reference electrodes were inserted into the neck muscles. The compound action potential threshold audiograms were recorded before and after fenestration of the round window and during the time of experiment to confirm stability of the hearing thresholds. All procedures involving animals were performed in accordance with UK Home Office regulations.
Sound Stimulation and Recording
Sound was delivered to the tympanic membrane by a closed acoustic system comprising a Bruel and Kjaer 4134 1/2 in. microphone for delivering high-frequency tones, a Beyer Dynamic DT48 dynamic headphone for delivering low-frequency, high-intensity biasing tones, and a Bruel and Kjaer 4133 1/2 in. microphone for monitoring sound pressure at the tympanum. The microphones were coupled to the ear canal via a conical speculum, the 1.5 mm diameter opening of which was placed approximately 1 mm from the tympanum. The closed sound system was calibrated in situ. The Bruel and Kjaer 4134 microphone was calibrated for frequencies between 1 and 50 kHz, and the DT48 dynamic headphone was calibrated for the frequency of the biasing tone. Known sound-pressure levels were expressed in decibel SPL re 2 3 10 25 Pa. The voltage signals for generating white noise for acoustical calibration and stimulating tones were delivered to the microphone at 200 kHz through lowpass filters (100 kHz cut-off frequency). Experimental control, data acquisition, and data analysis were performed on a PC with programs written in TestPoint (CEC, MA).
Justification of the Fitting Procedure
During experiments, a low-level tone at frequencies close to the CF of the recorded place was presented simultaneously with a highlevel low-frequency tone that slowly biased the cochlear partition. Because of this biasing, a periodic modulation of the high-frequency response was observed in sensitive preparations. One can prove that under these experimental conditions the derivative with respect to displacement of the nonlinear force acting on the cochlear partition at the CF is proportional to the amplitude of the resultant envelope of the high-frequency response. Let us denote the dependence of the nonlinear force applied to the cochlear partition on the partition displacement as F(x). Then the amplitude of the force change due to a small harmonic displacement of constant amplitude Dx simultaneously with biasing B of the operating point can be approximated as
FðB + DxÞ 2 FðBÞ = DFðBÞ = dFðxÞ dx x = B
Dx:
For small input signals, the nonlinearity could be described sufficiently well by the linear term of its power-series approximation. Hence, under this condition, the amplitude A of the harmonic oscillations may be considered proportional to the force applied to the system, and the cochlear response Dx may be assumed proportional to the sound pressure p. Therefore, rearranging the above equation and substituting corresponding values, one can write
where A(B) is the dependence of the high-frequency response amplitude on the cochlear-partition biasing, k is the unknown coefficient, and k/p is constant because p was kept constant for the duration of the tone burst. Because F(x) can be described by the Boltzmann function (see main text), fitting of the high-frequencyresponse envelope with the Boltzmann-function derivative is thus justified.
